Abstract Amine post-combustion carbon capture technology is based on washing the flue gas with a solvent that captures CO 2 . Thus, a small fraction of this solvent can be released together with the cleaned flue gas. This release may cause environmental concerns, both directly and indirectly through subsequent solvent degradation into other substances in the atmosphere. The paper presents the ammonia emission from CO 2 capture pilot plant (1 tonne CO 2 per day) using 40 wt% aminoethylethanolamine solvent, along with the efficiency of the water wash unit. In addition, the temperature effect of lean amine entering the absorber on ammonia emission was studied. Furthermore, the concentrations of other compounds such as SO 2 , SO 3 , NO 2 , CS 2 and formaldehyde were monitored. The literature review on the NH 3 emission from a pilot plant using aminoethylethanolamine solvent has not been published. The results show that the main source of ammonia emission is the absorber and that emission (in the range 27-50 ppm) corresponds to typical NH 3 release from CO 2 capture pilot plant using an amine solvent. The emission of amines and amine degradation products is a complex phenomenon which is difficult to predict in novel solvents, and for this reason the significance of new solvents testing in a pilot scale has been highlighted.
Introduction
Aqueous solutions of amines are commonly used solvents to remove CO 2 from flue gases in the amine post-combustion capture technology (Bernhardsen and Knuutila 2017; Ma'mun et al. 2007 ). Some of these amines, such as monoethanolamine (MEA), 2-amino-2-methylpropanol (AMP) and piperazine (PZ), are known to be volatile, and therefore they can be emitted to the atmosphere together with the treated flue gas stream (Khakharia et al. 2015) . These amine compounds can react with other compounds in the carbon capture system and the atmosphere to form a wide range of components. The breakdown of amine compounds can result in a very wide range of other emissions. These emissions include ammonia, the primary and secondary short-chain amines (methylamine, ethylamine) as well as acids and aldehydes (i.e. acetic acid, formaldehyde, acetaldehyde) (Gouedard et al. 2012; Strazisar et al. 2003) . The recent studies show that the volatile degradation products like ammonia and ethylamine are toxic and they may affect the human health through skin burns and irritation once they are vaporized with a treated flue gas (Låg et al. 2011; Verschueren 2008) . Furthermore, the emission of carcinogenic nitrosamines and nitroamines poses large threat, even though the emission of these compounds is relatively low (Zhang et al. 2014; Bartsch and Montesano 1984) . These emissions can lead to environmental hazards and solvent losses increasing operating costs (Knudsen et al. 2007) .
One of the most emitted products of amine degradation is ammonia, primarily formed as a result of oxidative degradation of MEA. The amount of ammonia discharged to the atmosphere varies and depends on apparatus used for gas treatment (for example, water wash unit), on the kind of utilized solvent and on the process parameters (particularly the temperature together with the pressure in the absorber and the liquid-to-gas ratio). According to Khakharia et al. (2014) who have carried out CO 2 capture pilot plant tests, with a capacity of capturing 6 tonnes of CO 2 per day, while using MEA solvent, the emissions of ammonia (after wash section) were in the range of 10-70 mg/m 3 n . Knudsen in his work (Knudsen et al. 2013 ) demonstrated ammonia emission in the range of 4-7 ppm (3-5 mg/m 3 n ). Those tests have been conducted at Aker Clean Carbon's Mobile Test Unit with capturing capacity of 200 kg CO 2 per hour using a novel solvent.
Three mechanisms of emission contribute to the release of amines and their volatile degradation products to the atmosphere. These emissions are: gas-phase emissions (vapour emission), mist emissions and liquid entrainment. Gas-phase emission is related to solvent evaporation and depends on volatility of the used amines, and also on CO 2 loading, and the temperature in the absorption column. The vapour pressure of the solvent increases with the temperature; however, it decreases with an increased CO 2 loading. Thus, formation of amine salts (both carbamate and bicarbonate) reduces the solvent volatility (Nguyen et al. 2011; Kolderup et al. 2011) .
Liquid entrainment is a result of absorption liquid droplets being carried by gas flow. This phenomenon is well known and occurs wherever there is a contact between gas and liquid.
The most undesirable phenomenon related to the amine emission is the formation of mist (aerosol). Mist is caused by small droplets of water (or other liquid) that are suspended in a gas. Amine mist may be formed in the absorber when vapour phase amine is absorbed into fine water droplets. The suitable conditions to form mist occur, especially near the liquid distributors where a hot gas contacts with a cold stream of solvent. Due to the tiny size of the liquid particles, they tend to penetrate wash sections and conventional demisters. A significant temperature difference between the gas and liquid phase results in a supersaturated environment, and thus amine emission in the form of aerosol increases as the temperature bulge increases (temperature bulge is the place in the absorber where the temperature reaches its maximum). Numerous studies indicate that aerosol-based emissions can be significant (Kamijo et al. 2013; Mertens et al. 2014; Khakharia et al. 2014) . It is worth mentioning that mist formation depends in high extent on the presence of condensation nuclei, such as particulate matter, soot, SO 2 , NO 2 , H 2 SO 4 . These fine particles contribute to the heterogeneous nucleation being a dominant mechanism of aerosol formation in most industrial gas cleaning processes (Kamijo et al. 2013; da Silva et al. 2013; Khakharia et al. 2013) .
In order to reduce the emission of amines and volatile degradation products, the washing systems such as water washing sections, acid wash and demisters are applied. Mitsubishi Heavy Industries, Ltd., implemented the first optimized washing system within an absorber column in 1994 and developed a proprietary washing system in 2003 (Kamijo et al. 2013) .
A water wash section consists of a packed bed with a continuous recycle of water that is aimed at condensing and absorbing the volatile compounds and thus reducing their emissions. Demister consists of a wired mesh which can remove droplets larger than 10 lm with 99.99% efficiency. As it has been studied and described in the papers , the water wash and a demister are not effective in removing aerosol-based emissions as the aerosol droplets are typically much smaller than 10 lm. Thus, MEA emission after the water wash can exceed the permitted values. One of the applied solutions to reduce mist emission is an employment of Brownian demister unit. It consists of a candle filter elements which are composed of millions of fibres. Therefore, it is able to remove very fine droplets by means of impingement and diffusion mechanisms . Aker Clean Carbon have developed a novel concept for reduction of amines emission and volatile degradation products, consisting of the combination of antimist design and a pH-controlled polishing step (Knudsen et al. 2013) .
The paper presents ammonia emission from CO 2 capture pilot plant (1 tonne per day CO 2 ) depending on the process parameters. The aim of this work was to evaluate the efficiency of the water washing section placed on the top of the absorber to reduce ammonia emission from a postcombustion CO 2 capture process. Current state-of-the-art shows that NH 3 emission from a pilot plant using aminoethylethanolamine (AEEA) solvent has not yet been presented in the literature. Furthermore, there is limited information on ammonia emission from post-combustion carbon capture (PCCC) pilot plants Knudsen et al. 2013; Khakharia et al. 2014 ). However, Saeed (Saeed et al. 2017 ) published interesting laboratory research related to thermal degradation of 2-aminoethylethanolamine (AEEA). The authors found that AEEA is unstable in the presence of CO 2 and the most abundant degradation product is 1-(2-hydroxyethyl)-2-imidazolidinone (HEIA). Therefore, in further investigations, it will be important to verify this finding at the pilot scale.
All the test results reported in this paper are based on test campaigns conducted in October, 2015, at the postcombustion CO 2 capture pilot plant located at the Łaziska Power Plant (Silesian voivodeship, Poland) owned by TAURON Polska Energia S.A., the second largest electricity producer in Poland ).
Materials and methods
The CO 2 capture plant received its flue gas from 225 MWe hard coal-fired boiler. The flue gas stream was extracted downstream the power plant's desulphurization unit. The typical flue gas parameters were as follows: flue gas flow 200 m 3 n /h (cubic metres at standard conditions in volume flow rate unit-1013 hPa, 273 K); CO 2 content 12-14 vol%; SO 2 content, max. 200 mg/m 3 n ; temperature range 70-95°C and atmospheric pressure.
At first, flue gas was cooled down and dedusted in a direct water scrubber and sweetened in a desulphurization column, where SO 2 was removed. Sodium bicarbonate aqueous solution was mainly used as a solvent for desulphurization, and it maintained SO 2 concentration in flue gas below 10 mg/m 3 . Afterwards, the gas entered the absorber bottom and flowed upward through packing, where CO 2 chemically reacted with a lean amine solution to remove most of the CO 2 . The 40 wt% aqueous solution of N-(2-aminoethyl)ethanolamine (that is also commonly named as aminoethylethanolamine) was used as CO 2 capture solvent. The AEEA (C99, 5% purity, CAS: 111-41-1) was obtained from Brenntag Polska Sp. z o.o. and was used without any further purification. The potable water was used to prepare an aqueous solution of 40 wt% AEEA. The final concentration of solvent was checked by acid-base titration (Weiland and Trass 1969) .
The absorption tower was of 14 m height and 0.33 m diameter, including two sections of structured packing: Mellapak 350Y (5.1 m height) and Mellapak 500Y (3.3 m height). Desorption column (the stripper) was of 15 m height, and it contained two kinds of packing: structured Mellapak 750Y (0.28 m diameter, 4.3 m height) and random C-Ring 1 00 within the internal heat exchanger (0.5 m diameter, 5 m height) (Stec et al. 2015a ).
Treated gas was passed through a one stage water washing section which is an integral part of the column (as shown in Fig. 1 ) and vented through the top of the absorber. The water washing section included 3 packed beds, 0.27 m each with a structured packing Mellapak 750Y. A low amount of fresh water (approx. 5-10 dm 3 /h) was added into the washing water recycle stream to avoid a high accumulation of amine recovered in the washing water and to compensate water losses. The average flow rate of circulating wash water was 50 dm 3 /h. The flow sheet of the CO 2 capture process for the pilot plant and more technical details have been previously described in other paper (Stec et al. 2015b) .
A Fourier Transformed Infrared (FTIR) analyser Gasmet DX4000 was used to analyse the gas leaving the absorber (Fig. 1) . Additionally, the unit was equipped with a ZrO 2 sensor for accurate oxygen measurement. Gasmet DX 4000 is a portable analyser which is typically used in stack emissions monitoring, comparison measurements, catalytic process control and other applications where multiple gas compounds need to be accurately monitored in hot and humid sample gases. To avoid water condensation and thereby loosing water-soluble components, the gas sample was heated to 180°C using a heated transfer line wherein the volatile compounds of the aerosol phase were vaporized and therefore they could be analysed. This system utilized hot and wet measurement principle, which ensures that the analysis was carried out on a representative sample. Previous studies showed that this technique was suitable for monitoring both inorganic and organic emissions from pilot plants (da Silva et al. 2013; Khakharia et al. 2014; Mertens et al. 2013) . Unfortunately, AEEA emission measurements were impossible due to FTIR gas analyser limitations. The AEEA spectra are not available in the manufacturer's library, and thus that component has not been measured (''IR Spectrum Collection-Gasmet Technologies Inc.'').
During the sampling, the pilot plant was operated at steady state conditions. Nonetheless, the flue gas composition varied slightly depending on coal-fired boiler parameters and finally resulted in fluctuations of measured concentration (that is clearly visible in the plots).
Results and discussion
Figure 2 presents an ammonia emission, water and CO 2 content in the treated gas at standard operating conditions of the absorber. The standard operating conditions were as follows: the flue gas flow entered the absorber of 280 kg/h, CO 2 content within the range of 13.1-13.3 vol%, with SO 2 below 3 ppm and finally with the absorber pressure of 130 (absolute) kPa. The lean solvent temperature was maintained at 40°C. Typical fresh water make-up to water washing section was 6 m 3 /h. Figure 2 shows that the NH 3 emission in treated flue gas is estimated to be 45 ppm (30.4 mg/Nm 3 ), and it is kept at the constant level. The flue gas is heated up along the column due to exothermic reaction of the concentrated amine (AEEA 40 wt%) with CO 2 . Therefore, treated flue gas temperature is relatively high (64°C). The contact between gas and solvent at this condition results in a gas saturation and mist formation, and hence the water content in treated gas is high, approximately 17 vol%.
The solvent regenerated by heating in the stripper (desorber) results in CO 2 releasing. To verify the purity of obtained CO 2 stream, which can be utilized in further processes, the FTIR analyser was connected to CO 2 line, downstream the condenser (as shown in Fig. 1) . Figure 3 shows the ammonia, carbon dioxide and water vapour content in CO 2 stream. Other measured components and remaining parameters are shown in Table 1 . It can be observed that purity of CO 2 stream is very high as the CO 2 reaches 96.6 vol%. The other major component of this gas stream is water (3.3 vol%) which is related to water evaporation in the stripper and leads to gas saturation with water vapour because the temperature of CO 2 downstream the condenser is much lower than the treated flue gas temperature (i.e. 20°C in comparison with 62°C); for that reason, the water content also is lesser.
It is worth noting that the ammonia emission from desorption column is very low (below the detection limit).
Moreover, both SO x and NO x contents in CO 2 stream are also very low (below 1 ppm). Therefore, the CO 2 stream after dedicated purification and dehumidification can be successfully used in the further processes (Cuéllar-Franca and Azapagic 2015). These low concentrations of sulphur and nitrogen oxides result from that the flue gas before entering the pilot plant was sweetened in a wet scrubbers of desulfurization unit of power plant (FGD). Additionally, the flue gas was pre-treated in the water scrubber and in the desulphurization column of pilot plant where acid compounds and dusts were removed in sodium bicarbonate aqueous solution and in a cold water, respectively. In order to reduce the amine and ammonia emission, the water wash, being integral part of the absorber, has been employed. To evaluate the efficiency of the water wash, the fresh water flow rate (water make-up to washing section) was altered and then ammonia emission was measured. The results are shown in Fig. 4 .
The ammonia emission at a make-up water flow rate of 6 dm 3 /h is approximately 43 ppm and the amount of water vapour is 17 vol%. An increase in water make-up to 10 dm 3 /h decreases the ammonia emission by 18% (from 42.5 to 34.5 ppm). In this case, it can be seen that the water content in the treated gas are kept at constant level (due to constant treated gas temperature during both tests). Further increase in flow of fresh water reduces the ammonia emission to about 27 ppm. That is nearly 36% decrease with respect to the initial ammonia emission. The sulphur and nitrogen oxides content does not change considerably. The fluctuations in measured CO 2 concentration at various water flow rates are related to the variable composition of the flue gas that enters the absorber.
The effect of lean amine temperature on the ammonia emission is shown in Fig. 5 . At a standard lean solvent temperature (i.e. 40°C) the emission of ammonia is in the range of 40-48 ppm. An increase in lean amine temperature to 50°C causes an increase in the ammonia emission to approximately 50 ppm. The value of ammonia emission decreases from ca. 50 to 30 ppm as the lean solvent temperature decreases from 50 to 30°C. Furthermore, the water vapour decreases from 20.6 to 10.7 vol% as well as CO 2 decreases from 2.46 to 2.0 vol%. The temperature of treated flue gas decreases by 5-8°C as a result of decreasing the lean amine temperature by 10°C. In the consequence the treated gas contains less water vapour as well as other volatile and water-soluble compounds (lower partial pressure is observed). The CO 2 content also is reduced with lean amine temperature because the solvent absorption capacity increases at a lower temperature. Nonetheless, the kinetics of chemical absorption is reduced, and finally possibly results in inferior CO 2 capture efficiency. In addition, when colder lean solvent is fed into the absorber, the more energy has to be spent in the stripper to heat up and regenerate the solvent. Given this, the most favourable temperature of lean amine entering the absorber, in terms of CO 2 removal efficiency, is estimated to be 40°C.
Conclusion
In this work, the experimental research was carried out in the CO 2 capture pilot plant using AEEA as a solvent. Ammonia emission, water vapour and CO 2 concentration together with other compounds were measured. Furthermore, the efficiency of water washing section located at the absorber top was evaluated. The experimental data are summarized in Table 1 . The results show that the main source of ammonia emission is the absorber. Emissions of ammonia were in the range 27-50 ppm, and it corresponds to typical emission from CO 2 capture pilot plant using an amine solvent (Spietz et al. 2015; Khakharia et al. 2014) . The content of sulphur oxides, nitrogen dioxide, carbon disulphide and formaldehyde is very low, approximately the detection limit.
In addition, the effect of lean solvent temperature on ammonia emission was investigated. Ammonia emission increases from 30 to 50 ppm with increasing lean solvent temperature (from 30 to 50°C). However, considering the energy demand and CO 2 removal efficiency, the optimum lean amine temperature was estimated to be 40°C.
The water wash is effective in ammonia removal, and thereby it can also reduce other volatile and water-soluble compounds. An increase in water make-up to wash water section from 6 to 14 dm 3 /h affected the ammonia emission reduction by 35.7% (from 42.6 to 27.4 ppm).
The CO 2 stream leaving the stripper has a high purity as the CO 2 accounts to 96.6 vol%. The other major component is water vapour, and thereby released CO 2 can be used in the further processes, after a slight purification.
However, the ammonia emissions for AEEA solvent have not been presented before in the literature. Therefore, the data obtained in the paper can be useful, especially considering that in the near future the amine emission reduction will be a critical requirement for all amine-based CO 2 capture plants.
